Introduction
Silicon is regarded as a potential candidate for next generation anode material for lithium ion batteries (LIBs). The high theoretical gravimetric energy density of silicon-lithium is attributed to the alloying reaction that occurs during the lithiation state, resulting in a high specific capacity (3579 mAh g -1 for Li 15 Si 4 ), which is ten times greater than the current commercial graphite anode. However, the material undergoes severe mechanical stress and strain due to the volume expansion (300%), typical for lithium alloying reactions, which leads to active material cracking, pulverization, and contact loss with the current collector. In order to mitigate the mechanical degradation processes, clever nanomaterial design of silicon (i.e., particles, wires, core shell) have proved to accommodate the large volume expansion during lithiation. [1] [2] [3] Liu et al. demonstrated that silicon cracking and fracture is dependent on the Si particle size, ultimately, determining that below 150 nm crystalline Si particles can endure the mechanical strain of full lithiation. [4] Moreover, Gu et al. observed a two phase lithiation process resulting in mechanical stability improvement for Si nanoparticles (NP) ranging from 60 to 100 nm in size, validating the critical cracking size. [5] Though researchers have improved the volume expansion and active material contact to the current collector, the Si anode still suffers from electrolyte chemical degradation caused by the formation of an unstable solid electrolyte interphase (SEI). As a result of the continuous volume expansion, the unstable SEI continues to consume and trap lithium ions as well as electrolyte during electrochemical cycling. [6, 7] Both the mechanical and chemical degradation of Si causes rapid capacity failure and poor columbic efficiency (CE) during electrochemical cycling. Thus several challenges must be resolved in order to realize the pragmatic application of Si based anodes for LIBs.
Previous work has reduced the SEI effects by: (1) a series of backend coatings; (2) , varying binders, and conductive additives; and (3) modifying the traditional carbonate based electrolyte. [8] [9] [10] [11] Of these, altering the electrolyte composition by the addition of electrolyte additives has successfully improved the chemical degradation of Si anodes. In particular, the addition Fluoroethylene carbonate (FEC) as an electrolyte additive can considerably improve the cycling performance of silicon (Si) electrodes in Liion batteries. However, the fundamental mechanism for how FEC contributes to solid elec trolyte interphase (SEI) morphological changes and chemical composition is not well understood. Here, scanning transmission electron microscopy cou pled with electron energy loss spectroscopy gives a comprehensive insight as to how FEC affects the SEI evolution in terms of composition and morphology throughout electrochemical cycling. In the first lithiation cycle, the electrode cycled in ethylene carbonate (EC): diethylene carbonate (DEC) forms a porous uneven SEI composed of mostly Li 2 CO 3 . However, the electrode cycled in EC/DEC/FEC is covered in a dense and uniform SEI containing mostly LiF. Interestingly, the intrinsic oxide layer (Li x SiO y ) is not observed at the interface of electrode cycled in EC/DEC/FEC after 1 cycle. This is consistent with fluo ride anion formation from the reduction of FEC, which leads to the chemical attack of any siliconoxide surface passivation layer. Furthermore, surface sensitive helium ion microscopy and Xray photoelectron spectroscopy tech niques give further insights to the SEI composition and morphology in both electrodes cycled with different electrolytes.
of fluorethylene carbonate (FEC) to conventional 1 m LiPF 6 in ethylene carbonate (EC): diethylene carbonate (DEC) electrolyte has successfully improved the cycling stability and CE of various Si anode types. Though many researchers have used FEC, little is known on how it improves the SEI formation and its morphology. In response, a series of recent publications have investigated the SEI formation process using advanced surface characterization techniques. Yet contradicting studies regarding the reduction mechanism of FEC have caused researchers to propose differing accounts, where some studies claim that FEC reduces to vinylene carbonate which then self-polymerizes to form either polycarbonates or a poly(alkene). [3, 12] While Balbuena et al. used computational methods to study the decomposition of FEC and demonstrated that the most probable decomposition mechanism for FEC occurs via a ring opening reaction to form F − , CO 2 2− , and CHOCH 2 . These reduction products can then react further to form LiF, RCOLi, and Li 2 CO 3 . This work agrees that a possibility to the stabilization of Si ' s SEI is due to the substantial formation of LiF in the initial cycle as a result of the fast FEC reduction. Schroder, Alvarado et al. used an amorphous Si thin film to reconcile the differing accounts of the FEC reduction mechanism, composition, and morphology. [7] Their results determined that the electrode cycled in (10 wt%) FEC additive forms SEI components that can help facilitate lithium ion transport through the SEI despite being thicker and denser in structure. Xu et al. used Si NP composite electrode to determine the effect of FEC at different state of charge in the initial cycle and as a function of depth, suggesting that FEC aids the preservation of the electrode by forming a uniform dense SEI improving the cycling performance. [6] The notion that FEC forms a protective uniform SEI has been speculated and proposed by scanning electron microscopy and transmission electron microscopy (TEM). [1, 3, 13, 14] These studies use bright-field (BF)-TEM images mainly to study the volume changes after cycling, not focusing on surface morphology. Etacheri et al. observed the Si nanowires after 30 cycles using TEM; however, they mainly focused on the volume expansion of the Si nanowires after cycling by BF-TEM images with low spatial resolution and not on the SEI morphology evolution. [3] Nie et al. monitored the Si NP's morphology using TEM and SEI elemental composition by EDX. [15] However, they claimed that the morphology of the SEI changes throughout electrochemical cycling, yet the TEM images do not clearly demonstrate this phenomenon. This is largely because the BF-TEM images are not sensitive to the Z-contrast; therefore, how FEC improves the SEI stability in the initial cycles has been proposed but not well characterized by microscopic techniques. Therefore, more work needs to be done in order to determine how FEC affects the SEI-Si NP interface and electrochemical performance given that the SEI formation is found to be heavily influenced by surface chemistry and surface area. It is hypothesized that the rapid decomposition of FEC forms a uniform conformal coating around Si NPs reducing the rate at which the electrolyte decomposes, [6] preventing the Si NPs from being exposed to the electrolyte after initial lithiation and delithiation. Conversely, the electrodes cycled in a conventional electrolyte (EC/DEC) suffer from a porous heterogeneous SEI. This hypothesis has yet to be observed using proper single particle microscopy techniques; therefore, we aim to validate this hypothesis by coupling annular dark field scanning transmission microscopy imaging (ADF-STEM) with electron energy loss spectroscopy (EELS) to provide comprehensive insights into the SEI morphology evolution and observe its evolution throughout progressive electrochemical cycling. [16] Using Z-contrast ADF-STEM images can display the SEI morphology evolution with high-spatial resolution, while EELS analysis is used to correlate the morphology evolution with the chemistry changes throughout electrochemical cycling. For the first time, we discuss the SEI structural differences in the Si NP composite electrodes cycled with EC/DEC and EC/DEC/FEC (FEC 10 wt%) using scanning transmission electron microscopy (STEM) techniques. Furthermore, the chemical composition of the SEI using a linear scan by EELS can elucidate the chemical composition of the SEI from the bulk of the active material to the surface (SEI-Si NP interface). STEM techniques poses many challenges such as the organic compound's instability under electron beam exposure [17, 18] and local area probing which limits the statistical analysis. Therefore, we have taken several measures to overcome these difficult challenges, which will be later discussed in a greater detail. One of which is to use X-ray photoelectron spectroscopy (XPS) and helium ion microscopy (HIM) surface sensitive techniques to further validate the scanning transmission electron microscopy coupled with electron energy loss spectroscopy (STEM/EELS) results to give a macroview of the SEI composition and morphology. Herein, we demonstrate how utilizing a suite of characterization tools can be a powerful approach to obtain critical information of the SEI morphology and chemical composition for Si NP composite electrodes.
Results and Discussion

Electrochemical Results
The discharge capacity and CE of the Si NP composite electrodes cycled with EC/DEC and with EC/DEC/FEC are shown in Figure 1 . The electrodes were cycled within the potential range of 0.05-1 V at C/20 for the first cycle and at C/10 for prolonged cycling. Under these galvanostatic conditions the Si NP composite transformed into lithium-silicon alloy and the electrolyte decomposed to form SEI. The electrodes were discharged by applying a constant current until the voltage reached 50 mV to avoid the Li 22 Si 5 alloy phase. [19] We determined that the EC/DEC electrolyte reduced at 0.8 V, while the FEC additive reduced at a higher voltage consistent previous work. [6, 7] The CE and specific capacity of the electrode cycled with EC/DEC/ FEC electrolyte has a slightly lower CE and specific capacity than the electrode cycled with EC/DEC after first cycle, however, the CE improves after prolonged electrochemical cycling. This behavior is most likely due to the reduction of the FEC in the first cycle to form F − that could react with several components within the SEI such as etching the native oxide layer [20] and also form LiF. The reduction process of FEC also generate Li 2 CO 3 , along with other organic products, which will be discussed in greater detail later. This is consistent with all previous reports demonstrating that the FEC additive improves the performance of Si anodes after prolonged cycling. [3, 6, 7, 12, 21] Thereby, further (3 of 10) 1600438 wileyonlinelibrary.com proving that the FEC reduction stabilizes the Si NP composite interface by forming a rapid uniform coating (compact SEI).
Surface Characterization
HIM was used for the first time to study the changes in surface morphology of Si NPs after the initial lithiation and 100 electrochemical cycles (delithiated state) at the submicron scale. HIM images of the pristine Si (as casted electrode) and the cycled samples are presented in Figure 2 . The surface morphology of the pristine particles ( Figure 2a ) is very smooth and can be easily distinguished. However, it can be clearly seen that the surface morphology changed significantly upon cycling, clearly showing a surface morphology change between the electrode cycled in EC/DEC and EC/DEC/FEC (Figure 2b ,c). This is largely due to the difference in electrolyte decomposition products associated with the electrodes in distinct electrolytes. However, Si NPs composite electrode contains inhomogeneity in active surface area and small change in porosity and particle packing can have a large effect on the SEI formation. The surface of the electrode cycled in EC/DEC is rougher than that of the electrode cycled in EC/DC/FEC after 1 cycle. After 100 cycles, both electrodes demonstrated an increase in surface roughness, which can be attributed to the growth of SEI. To further validate the HIM images a combination of characterization techniques such as STEM-EELS and XPS were used to study the morphology and chemistry evolution of SEI throughout electrochemical cycling. It was found that organic compounds and lithium containing compounds are vulnerable to electron beam exposure because of knock on displacement, radiolysis, and heating effects. [22, 23] Conclusively, in this work the electron dose and spatial resolution were optimized during STEM experiments to minimize the electron beam damage to the SEI and Li x Si compounds. In this regard, the electron beam was spread throughout annular dark field (ADF) imaging and EELS spectra acquisition. The acquisition time was reduced to mitigate the electron dose and prevent beam damage ( Figure S1 , Supporting Information). Moreover, we lowered the sample temperature to LN 2 temperature to further reduce the beam damage by limiting the diffusion process. [24] The ADF-STEM image of the pristine Si with an average particle size of about 60 nm is shown in Figure S2a can be confirmed from the EELS spectrum ( Figure S2b , Supporting Information). [25] As the average particle size of Si is less than 150 nm, the Si NP can withstand the strenuous lithiation process; therefore, in the first few cycles the Si degradation ( Figure 1 ) can largely be attributed to the changes in the surface properties of Si (SEI formation). This allows us to mainly focus on the interfacial chemistry and morphology changes of the cycled Si NP electrodes (SEI) that are associated with the addition of FEC to the traditional electrolyte. The ADF-STEM image of the lithiated Si cycled in EC/DEC is shown in Figure 3a . Important changes after lithiation can be observed, especially the expansion of the lithiated crystalline Si particles. EELS spectrum of the lithiated Si (Figure 3c ) confirms the formation of amorphous Li x Si alloys (the enlarged Li-K EELS spectrum is shown in the upper right corner of the Figure 3c ). [26] However, after delithiation, the Li-K edge disappears (Figure 3c ) suggesting the full delithiation of Si NP. The particle size becomes smaller ( Figure 3b ) and transforms from crystalline to amorphous Si, which is confirmed by the EELS spectrum (Figure 3c ). The regions with low contrast at the edge of the cycled electrodes can be observed in the ADF images (Figure 4a,b) . This region is ascribed to the presence of the SEI, which is mostly composed of organic compounds (with lower atomic number). [16, 27] Based on the STEM images (Figure 4) porous SEI. Furthermore, EELS scanning profile was performed from the outer surface toward the bulk of these samples (along the indicated line in the Figure 4a,b) to study the chemical changes from the bulk of the particle to SEI. It is worth noting that Si was not detected in the SEI layer for both samples (outer most surface of Si) based on our EELS spectra results, clearly demonstrating that we are solely focusing on characterizing the chemical composition of the SEI. Interestingly, the interfacial chemistry of the lithiated electrode cycled in EC/DEC varied significantly from the electrode cycled in EC/ DEC/FEC (Figure 4c) , where more lithium silicon oxide alloys are present. The distinct peak shifts toward higher energy for Si-L edge, implies the change in oxidation state of Si. [28] The Si-L fine structure from the surface of the lithiated electrode cycled in EC/DEC/ FEC is attributed to amorphous Li x Si, however, the Si-L fine structure from the surface of the lithiated electrode with EC/DEC corresponds to Li x SiO y (Figure 4c ). [28] This indicates that the lithiated Si cycled with EC/DEC is covered in a native oxide. These results directly correlate with our previous work, where we propose the reduction mechanism of FEC through a rapid ring opening mechanism, forming fluoride anion. [7] The fluoride anion then undergoes competing reactions to either form HF or LiF (see Scheme 1, Equations (1) and (2)). The formation of HF then will etch the native oxide layer causing the formation of less Li x SiO y in the electrode cycled with EC/DEC/FEC in the first cycle, which correlate with our previous findings [7, 20] ( )
(1)
Thus, the interfacial chemical and morphology evolution between the two electrodes (cycled in EC/DEC and EC/DEC/ FEC) can be one of the major factors that lead to electrochemical performance differences. Several researchers have confirmed the existence of silicon oxide layer on the Si electrode, once lithiated its surface (SiO x ) is transformed to Li x SiO y which leads to the high impedance and low specific capacity retention. [7, 29] It is established that silicon oxide layer has lower flexibility than that of amorphous silicon, [29] consequently, the higher flexibility of the amorphous Li x Si can endure large volume expansion of silicon upon cycling and maintain the particle integrity. In addition, as the oxide layer on the Si NPs is insulating, it reduces the lithium ion transport and increases the charge transfer impedance, therefore, reducing the cycling properties. This oxide layer consumes Li-ion during lithiation which leads to low specific capacity. [29, 7] We further investigated the evolution of Li x SiO y and SEI with progressive cycling for the electrodes cycled in EC/DEC and EC/DEC/FEC (1 cycle, 5 cycles, and 100 cycles). Accordingly, we probed the interfacial chemical changes of the electrodes cycled in EC/DEC and EC/DEC/FEC to further understand the role of FEC in oxide layer evolution with cycle number (Figure 5) . Figure 5a compares the Si-L EELS spectra from surface and bulk of the Si electrodes cycled in EC/DEC after various cycle numbers, where there were no significant changes observed in Si-L edge after progressive cycling. All the Si-L edge taken from the surface of the cycled electrodes in EC/ DEC at different cycle numbers correspond to Li x SiO y and the Si-L edge from the bulk can be assigned to the Li x Si. However, the surface and bulk of the Si cycled in EC/DEC/FEC after one cycle corresponding to Li x Si. After 5 cycles, 2 out of 15 acquired EELS spectra (from various regions) demonstrated the existence of Li x SiO y which is shown in dashed line graph in Figure 5b . Meanwhile, the EELS results from the surface of the cycled electrode with EC/DEC/FEC after 100 cycles, only represent the Li x SiO y compound. This is most likely due to the, reduction in effects of FEC decomposition compounds as well as an increase in Li x SiO y content after 100 cycles. Accordingly, the Si-L edge from the bulk of the electrode cycled in EC/DEC after 100 cycles shows two additional peaks (marked in Figure 5a corresponding to the infiltration of the native oxide layer (Li xSiO y ) into the bulk. These results show the increase of native oxide layer with extending cycle number for both electrodes due to further electrolyte reaction with the surface of the electrode. Meanwhile, the diffusion of the oxide layer into the bulk was only found for the electrode cycled in EC/DEC after 100 cycles. This suggests that FEC limits the increase of oxide layer (Li xSiO y ) with progressive cycling (100 cycles). This may attribute to the improved cycling performance of the electrode cycled in EC/DEC/FEC compared to the electrode cycled in EC/DEC. The increase of Li x SiO y was also reported in a recent work indicating that the presence of Li x SiO y in high amount for the Si anode (EC/DEC) after 100 cycles lead to capacity fading. [18] ADF-STEM image (Figure 6a ) and the corresponding Si-L and Li-K EELS maps were acquired from the lithiated Si samples cycled in EC/DEC (Figure 6b,c) to determine the distribution of Li x Si and SEI composition. The bright contrast in the image is associated with high Si content; however, the grey regions demonstrate rich Li content in the SEI, which is found on the outer most surface of the particle and further confirms the presence of the SEI. Figure 6d -i shows the ADF-STEM images of SEI with progressive cycling, where the electrode cycled in EC/DEC after the first delithiation forms an inhomogeneous porous SEI. Moreover, this SEI is intermixed with silicon particles with increasing cycle number (up to 100 cycles). Conversely, the electrode cycled in EC/DEC/FEC is covered with a dense and uniform SEI and the silicon particle integrity is preserved which was hypothesized by Xu et al. [6] Here for the first time we present a comparative study to directly visualize the effects of FEC on SEI morphology in the first few cycles (1, 5 cycles) using STEM-EELS. Surprisingly, the same phenomenon was not observed after 100 cycles for the electrode cycled in EC/ DEC/FEC. The SEI has similar morphology properties to the electrode cycled in EC/DEC, which is also consistent with the HIM images, previously mentioned.
The EELS spectra from the lithiated Si cycled in EC/DEC and EC/DEC/FEC after 1 cycle are compared with the possible reference compounds resulting from the electrolyte decomposition including LiF, Li 2 CO 3 , and Li 2 O (Figure 7) . [27, 30] A comparison of the Li-K, C-K, O-K, and F-K edges taken from SEI cycled with EC/DEC indicate that the SEI mainly contains Li 2 CO 3 , which is due to EC reduction. However, the electrodes cycled in EC/DEC/FEC mainly contains LiF according to Li-K and F-K edge fine structures (Figure 7a,d ). This is formed as a result of the FEC decomposition and salt dissolution which decomposes at a much higher voltage than that of EC/DEC, (7 of 10) 1600438 wileyonlinelibrary.com therefore, limiting the degradation of EC/DEC which is consistent with previous results. [7, 29] Figure 7a compares where the Li-K edges of the SEI generated by EC/DEC and EC/DEC/FEC. The SEI generated by adding of FEC shows the formation of Li 2 O, which can occur when the electrolyte reacts with the SEI. Based on our EELS results, we did not observe SEI chemical changes for the electrodes with EC/DEC and EC/DEC/FEC after prolonged cycling (up to 100 cycles). These results are in agreement with the previous results. [6, 31] It is necessary to note that in spite of using the low electron dose, electron beam damage may still preclude the detection of low content organic and inorganic compounds. As such, a surface sensitive XPS technique was utilized to further understand the SEI chemistry changes upon cycling for the electrodes cycled in EC/DEC and EC/DEC/FEC. Figure 8 demonstrates the relative composition of the first 10 nm of the SEI of electrodes cycled with (a,c,e) EC/DEC and (b,d,f) EC/DEC/FEC. The XPS analysis was performed after the (a,b) first lithiation, first delithiation, and (e,f) 100 cycles in the delithiated state.
XPS Data Supporting EELS Data
The special resolution and detection limit of STEM/EELS make it difficult to determine the atomic composition of the parasitic electrolyte decomposition products over a large area. Given that EELS is a local technique, XPS was used as a complementary surface characterization technique to obtain a better understanding of the SEI using a large area scan (300 × 700 μm). Post hoc and ex situ XPS was used to avoid any environmental contamination by water vapor or oxygen which can alter the SEI composition, as demonstrated by Schroder et al. [20] and our previous work. [7] By studying the SEI composition via anoxic and anhydrous XPS, we can gain insights as to how EC/DEC/FEC affect the cycling performance of composite, avoiding any contamination.
The highly stable Si composite electrodes cycled with both electrolytes generated an SEI by galvanostatic electrochemical cycling. The XPS assignments follow a meticulous self-consistent fitting model previously used for Si anode types (shown in the supporting information). [32] Figure 8 shows a bar graph demonstrating the relative compositions of the SEI for electrodes cycled with EC/DEC and EC/DEC/FEC deduced from the XPS peak fittings (Figures S3-S7 , Supporting Information). The inelastic mean free path of the photoexcited electrons limits the detection depth to 10 nm; therefore, Figure  8 demonstrates the outer most surface composition of the SEI generated by two electrolyte types. In our previous work, amorphous Si thin films (without binder or conductive additives) were used to clarify the FEC reduction mechanism and determine how FEC improves the SEI in the initial cycles, [7] however, this study focuses on determining the SEI morphology and chemical composition of the SEI in a composite electrode, which is how an Si electrode would be used in a real battery configuration. The previous model system study was used to decipher the convoluted SEI generated by a composite electrode because the binder and conductive additive contribute to the rapid SEI formation.
The atomic percentage of all the electrodes investigated is shown in Figure 8 . Organic species are labeled C sp 3 for aliphatic carbon and may include adventitious carbon, ROR for alkoxy groups (ethers), ROCO for carboxyl groups (carboxylates, esters), and RCO 3 for carbonic esters and ionic carbonate salts. Ionic carbonate salts are difficult to deconvolute by XPS because of their similar binding energies and functional group (Li 2 CO 3 , ROCO 2 Li). Therefore, when discussing RCO 3 it is likely that both these reduction products are being detected. The high resolution XPS spectra and peak fittings can be found in the Figures S3-S7 (P x O y F z ), and LiX (which could include alkyl lithium and lithium phosphoro-oxy-fluoride). Additionally, it is difficult to distinguish ionic lithium ions bound to organics such as carbonic esters and lithium alkoxides, also labeled LiX. As demonstrated, we observed little to no Si 2p signal for all cycled electrodes. Therefore, the SEI generated in the initial lithiation was much thicker than 10 nm given the Si 2p signal. We propose that the variations in the SEI composition are explained by kinetics of the competing FEC versus EC reduction products perpetuated by the 60 nm Si particles. Though 60 nm crystalline Si particles help mitigate the volume expansion [5] (below the critical cracking limit), the surface area is increased which promotes the rapid SEI formation. [6, [33] [34] [35] In the first lithiation step, we find the electrode cycled with EC/DEC contained ≈21.2% organic functionalities and the SEI formed by EC/DEC/FEC contained ≈18% organic functionalities. In our case, it is difficult to fully assign the C sp 3 carbon solely to SEI moieties because our electrode contains conductive carbon and binder which contribute to the signal as in our previous work. [7] Therefore, the atomic percentage of organic functionalities is solely based on ROR and ROCO species found in the SEI. The SEI comprised of 32% and 8% (atomic percent) carbonate species for the electrodes cycled with EC/DEC and EC/ DEC/FEC, respectively making it difficult to properly quantify the organic SEI species. These results are consistent with the EELS data analysis, validating that the data is not the result of beam damage. Furthermore, the SEI generated from EC/DEC contains a higher concentration of ROCO and ROR (esters, ethers, carboxylates) 14.2% and 7%, respectively, where the electrode cycled with EC/DEC/FEC contains 6% ROR and 12% ROCO. Here, the formation of ROCO is more profound which may be attributed to the reduction mechanism of FEC while the electrode cycled with EC/DEC forms more ROR reduction products as a result of the EC and DEC decomposition. In the SEI generated by EC/DEC shows a higher concentration of RCO 3 functionalities (≈31%) while the SEI generated by EC/ DEC/FEC has less (≈8%). This is due to the reduction potential and reaction kinetics, where FEC is more likely to form less carbonate based functionalities. It is widely accepted that FEC decomposes at higher reduction potential; therefore, the electrode cycled with EC/DEC/FEC contains 50% LiF whereas the electrode cycled with EC/DEC contains 12% LiF. Given that the EC/DEC electrolyte's only source of fluoride anion comes from the salt (LiPF 6 ), the indirect path of LiF formation through the reversible thermal decomposition of the salt (Reaction 2). [34, 36, 37] As a result, the electrode cycled with EC/DEC/FEC contains two reaction pathways to generate LiF. Furthermore, the high surface area of the 60 nm Si nanoparticles further increases decomposition kinetics of the SEI. [38] Here, we find no evidence of CF bonds which is still a heavily disputed conclusion as a result of the FEC decomposition mechanism. However, determining the reduction mechanism of FEC is beyond the scope of this work because the analysis was carried out using a composite electrode containing binder and conductive additive which affect the SEI composition. Here, we are focusing on the morphology of the SEI over prolonged cycles using STEM and EELS and XPS is used to observe the chemical composition of the SEI to validate the EELS results.
In addition to LiF, the electrode cycled with EC/DEC/FEC contains more P x O y F z which is a function of multiple step reaction, [39] which form very stable oxides on the surface. These results are consistent with our previous study where the FEC containing electrolyte produced a higher concentration of P x O y F z . Our findings are consistent with previous results, where the FEC containing electrolyte produces a more inorganic SEI in the initial lithiation (Equation (2)).
After delithiation, the SEI composition is consistent, where there is no major peak shift or appearance of new compounds (Supporting Information). However, the electrode cycled with EC/DEC contains less RCO 3 and more ROR and ROCO functionalities generating an SEI consisting of 92% atomic percent. The LiF and P x O y F z species form 8% of the total SEI consistent with the EELS results. The more organic species in the SEI forms a porous, "cloud" like SEI morphology. Therefore, more electrolyte decomposes as a result of the exposed Si surface that leads to poor electrochemical performance. Conversely, the electrode cycled with EC/DEC/FEC has little change in SEI composition (in terms of atomic percentage), where the LiF and P x O y F z species form ≈52% of the SEI composition. If we compare this percentage to the first lithiated percentage (≈70%), it demonstrates that the SEI formed is much more stable. Initially, EC/DEC/FEC forms a uniform dense coating (SEI) because of the fast reduction kinetics if FEC compared to EC. [40] Therefore, there is little change in the SEI composition in the first lithiated and delithiated state. After 100 cycles, the SEI composition of both electrodes looks very similar which is consistent with the STEM images. The SEI formed from EC/DEC/FEC has more organic species than in the first cycle. There is a slightly more LiF and less RCO 3 moieties than the SEI generated from EC/DEC. Since there is only 10 wt% FEC additive and its rapid reduction kinetics in the first few cycles (even to 5 cycles), over prolonged cycles the FEC will eventually be depleted. This was first hypothesized in our previous work and is confirmed in this work. Therefore, LiF forms in the initial cycles forming a protective coating around the Si NP and after prolonged cycles the EC decomposition products dominate the SEI composition. As shown in the STEM images, after 100 cycles the SEI morphology is identical for both electrolytes, which is consistent with the XPS results. Furthermore, a more inorganic SEI is brittle and can crack easily, therefore, after prolonged cycling this layer will become mechanically unstable, exposing fresh Si surface forming a more organic SEI.
Conclusions
A comprehensive study of the effects of FEC on the Si electrochemical changes discovers new insights to the significance of SEI morphology and chemical changes that occur during electrochemical cycling using STEM/EELS analysis. Specifically, the direct visualization of SEI morphology evolution obtained for both electrode systems reveals that the electrode cycled in EC/DEC/FEC is covered with a uniform and stable SEI mainly for the first few cycles while the SEI of the electrode cycled in EC/DEC forms a porous and inhomogeneous SEI right away. The stable SEI formation can contribute to the improvement in electrochemical performance of Si NP electrode. Furthermore, according to the STEM-EELS profile results, less oxide layer (Li x SiO y ) is found in the initial cycle on the Si electrode cycled with EC/DEC/FEC. Our XPS results provide a much larger length scale for the SEI chemical changes after cycling, which demonstrated that the electrode cycled in EC/DEC has a higher atomic percentage of Li 2 CO 3 consistent with the EELS results. On the other hand, the electrode cycled in EC/DEC/FEC contained fewer carbonate species and more LiF, also correlating well with the STEM/EELS analysis. Thus, we propose two main reasons as the effects of FEC which result in the electrochemical improvements: (1), FEC decomposition products eliminate the Li x SiO y layer, and (2), the initial formation of homogeneous and dense SEI on the Si NPs. Therefore, the chemical composition formed with FEC additive is not the sole reason for improved capacity retention with cycling of Si electrode but the SEI density and morphology also plays a critical role in electrode stability. However, the mechanical property of such a dense SEI film may not be most ideal if large amount of lithiation/delithiation occurs upon long term cycling. Further investigation on how SEI morphology and composition changes with the degrees of lithiation/delithiation in the electrode cycled with EC/DEC/FEC can provide critical information for further improving and developing Si anodes as well as electrolyte additives.
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